Several molecular dynamics simulations on the interface between liquid decane and liquid water have been performed with the purpose to study the sensitivity of surface properties to the van der Waals parameters. The models used consisted of 50 decane molecules and 389 water molecules in a two-phase system. By changing the van der Waals parameters, Le., varying the Lennard-Jones parameters e and u between the united CH2 and CH3 atoms of the decane molecules and the 0 atom of the water molecules, sharper interfaces were obtained.
Introduction
In this report we present the results of molecular dynamics calculations on an oil/water interface. It is important from both a technical and a theoretical point of view to gain detailed insight into the properties of liquidlliquid interfaces; they play an important role in surface science and surfactant behavior. Numerous computer simulations on the liquidlvapor interfaces have been reported,l4 but until recently only a few theoretical studies of liquidlliquid interfaces have appeared in the literature.%14 Carpenter and Hehre reported a MD study of the hexanelwater interface.I2 The interface was found to be 1 .O nm wide and not to be molecularly sharp. They also observed a small number of hexane molecules completely surrounded by water, which is not consistent with the known solubility of hexane in water, and believed it to be an artifact of the intermolecular potentials used. (They used standard SPC15 and OPLW parameters.) Meyer et al.13 used two identical Lennard-Jones liquids to investigate two immiscible liquids. They calculated the interactions between two atom types L1 and L2 by using modified Lennard-Jones potential functions so they could vary the miscibility of the liquids. Their main conclusion was that reducing the attractive part of the potential leads to a reduced miscibility.
In previous simulations involving alkane chain@-3s we have used Rykaert-Bellemans potentials20 for dihedral angles and methylene Lennard-Jones interactions, with adjusted values33 for the methyl parameters. These Lennard-Jones parameters were combined with the "hydrophobic values" of the water oxygen, as used in GROMOS.I7 The present investigation was prompted by the observation that this force field did not yield correct interface behavior. In the simulations of surfactant/oil/water systems, it appeared that the solubility of decane in water was far too high. We decided to perform a set of simulations to optimize the intermolecular potential parameters. To investigate the detailed structure of the decanelwater interface, we have selected a number of properties which are characteristic for the interactions between the liquids: density and pressure profiles, surface tension, ordering of the molecules near the interface,10J2J4J8 and free energy of solvation. These characteristics are analyzed for a number of different force field parameters. When the van der Waals parameters between molecules of two 0022-365419312097-9206$04.00/0 immiscible liquids are changed, not only the interaction energy between the two liquids but also the density and pressure profiles at the interface will change. By calculating the free energy of water in the bulk oil phase, one can compute the solubility of water in decane. Higher repulsion between the C atoms of decane and the 0 atoms of water will give a lower solubility for water in decane and result in a sharper interface. It will also have an effect on the ordering of the water and oil molecules near the interface. When the interface becomes sharper, the water molecules near the interface will form ordered layers and the decane molecules will become more laterally oriented with respect to the interface. All these characteristics will give information about the relation between the van der Waals parameters and the macroscopic properties of the interface. We expect that the described properties are most sensitive to the parameter t(c+
Methods
A series of molecular dynamics simulations was performed on the decanelwater interface using a (periodic) box that contained 50 molecules of n-decane and 389 molecules of SPC/E water.Ig Force Field. The configurational energies and forces were computed with the GROMOS8717 package. The energy of a molecular system is described by simple potential energy functions comprising stretch, bend, torsional, Lennard-Jones, and electrostatic interactions. For the dihedrals CHzCHzCHzCH2 and CH2CH2CH2CH3 the Ryckaert-Bellemans potentia120 was used (which gives better statistics on translgauche behavior) with C, (i = 0, ..., 5 ) = 9. 28, 12.16, -13.12, -3.06, 26.24, and -31 .5 kJ/mol. The use of this potential implies exclusions of Lennard-Jones interactions between the first and last atom of the dihedral, and $ is defined according to the polymer convention ($-= 0). The methylene and methyl Lennard-Jones parameters were taken from ref 33.
The molecular model that is used treats all atoms explicitly, except for the hydrogen atoms that are bound to carbon atoms. The CH, atoms (n = 1,2, or 3) are treated as united atoms, and no special hydrogen-bond potential has been included. For the nonbonded interactions between sites i and j , the simple functional form is used q1 is the charge on site i, rv is the distance between the sites, and A and Care the van der Waals parameters (Ali = 4quil2 and Cii = 4eiq6). The van der Waals parameters between different sites are given by the combination ruled6 Aij = (Aii!jj)l/* and Clj = (C&j)l/*. The GROMOS force field uses a different A m for the Owakr-C and OWatCr-OWatCr interaction, indicated in Table I as hydrophobic and hydrophilic value, respectively. The Model. The initial configuration of 50 decane molecules and 389 water molecules was constructed by building two opposite monolayers of decane with a distance of 2.0 nm in between ( Figure  1 ). Each monolayer contained 25 decane molecules, initially in the all-trans configuration and randomly rotated around their head-to-tail axis. The distance between the layers was filled with SPC/E16 water, using a cubic box containing 216 equilibrated SPC/E water molecules as a building block. The water molecules were able to penetrate the layers by 0.1 nm while keeping a minimum distance of 0.23 nm from the atoms of the decane molecules. The dimensions of the box were 2.50 nm X 2.50 nm X 4.589 nm, leading to a total density of 1 .O g/cm3 for the water phase and 0.73 g/cm3 for the oil phase. Periodic boundary conditions were applied in all three spatial dimensions. The model geometries, partial charges, and Lennard-Jones parameters, as used in all simulations, are given in Table I. To remove initial strain, energy minimization (steepest descent) was performed on the initial configuration for 200 steps. The MD simulation was subsequently started involving an equilibration of 10 ps with initialvelocities takenfroma Maxwelliandistribution at 3 15 K and meanwhile coupling the system to an external heat bathz1 at 315 K with time constant T* = 0.01 ps. The volume of the system was kept fixed.
NVT Simulations. After equilibration another 290 ps was simulatedunder the following conditions: all covalent bond lengths as well as the water angle were constrained by the procedure SHAKE2' (tolerance 0.000 01 nm), and a time step of 2 fs was used. The intermediate structures generated during MD were savedevery 100steps. The temperaturewascontrolled by coupling to an external bath21 at 3 15 K with time constant r1 = 0.1 ps. A twin-range cutoff for nonbonded forces of 0.8/ 1 .O nm was used; the pair list and forces for the range between 0.8 and 1 .O nm were updated every 10 steps. All dynamics simulations were run on a CONVEX C220 and C240 computer.
The series of additional simulations were performed starting with the configuration obtained after 300 ps of MD (A) as described above. For simulation A Ryckaert-Bellemans poten-tials20 were used with modified methyl parameters." Simulation A corresponds most closely with GROMOS using "hydrophobic" water oxygen (see Table 11 ). Figure 2 gives an overview of all the simulations performed. We have studied the properties of several models with different van der Waals parameters for intermolecular potentials by only changing the Lennard-Jones parameter e= (models B to D), which are summarized in Table   11 . We simulated 200 ps for each of these models using the same conditions as for simulation A. Also in Table 11 , model E is represented. We performed this simulation to investigate the effect of the Lennard-Jones parameter u on the properties of the interface. The Lennard-Jones parameters between oxygen and carbon atoms used by Carpenter and HehreI2 (CH), 0PLS,l6 CHARMm,23 and GROMOS17 are listed in Table I1 for comparison. NFT Simulations. When the repulsion between the C atoms of decane and the 0 atom of water was increased, the pressure in all spatial directions increased. Therefore, we performed four additional runs (AP to D,) with pressure scaling in the z direction (i.e., perpendicular to the interface) by coupling to a pressure bath2I of 1 atm (time constant 0.5 ps), allowing the length of the box in this direction to change but keeping the box lengths in x and y directions fixed to their initial value in order to keep a stable interface. In this way the systems were allowed to adjust their bulk pressures by changing the volume of the box. Model A, used the configuration obtained after 300 ps of simulation period of model A as its starting point, model B, the last configuration of model B, model C, the last configuration of model C, and model D, the last configuration of model D. For the model A, to D, we simulated for a period of 200 ps (see Figure 2 ). For model E we did not perform a simulation with pressure scaling.
PressureCalculations. By using thevirial equation, weobtained the pressure tensor
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van Buuren et al. P d i s an element in the pressure tensor, a and j3 are the components (x, y, or z), Vis the volume, mi is the mass of particle i, ui, is its velocity in the a direction, Fila is the a component of the total force on particle i due to particle j , and rijf is the j3 component of the vector rl -rI. The kinetic contribution to the pressure is given by the first term in eq 3, and the virial contribution is given by the second. The threediagonal elements in the pressure tensor represent the relevant pressure components. We have used an atomic sum for the calculation of local pressures and a molecular sum for the calculation of the total pressure.24 This choice will be discussed in further detail in another article.25 Surface Tension. The surface tension (y) is defined, when the interface is perpendicular to the z axis,26 as
wherep'(z) is the lateral pressure,p is the bulk pressure, and the integral is defined over the boundary layer. The integral can be extended to infinity, because p'(z) = p in the bulk phase. With two interfaces perpendicular to the z axis, as in our case, this gives Y = --( T -P z ) L z 1 P,+P, 2 in whichp, = P,, (a = x, y, z) and L, is the (formal) box length in the z direction used for the calculation.
Free Energy. On a molecular dynamics time scale the penetration of water into the oil phase is not expected to be observed. To obtain the solubility of water in decane, we used the particle insertion method of Widom.27 By randomly inserting the virtual particles into the bulk oil phase (using a grid) and averaging their local Boltzmann factors, the excess free energy of a water molecule (Apex) in decane can be computed where pwatldw is the free energy of a water molecule in bulk decane at a given reference concentration (for which we choose the concentration of liquid water c(1)), pid is the reference (i.e., the free energy of the water molecule in the ideal gas state at the same concentration c (~) = c(I)), and Up, is the potential interaction energy that the inserted (ghost) particle experiences from the other (real) particles. The brackets denote an ensemble average. This method only works well at low densities where the number of successful insertions with low energies is large enough to converge within reasonable time to a stable value for the free energy. The particle insertions were performed over the last 100 ps of each simulation, using 500 insertions per configuration.
To obtain the free energy (AN) with respect to a water molecule in bulk water (Apwat), the excess free energy of bulk water (pwat) with respect to the ideal gas state at same density as bulk water (pid at ~( 1 ) ) is needed. This can be expressed in the following way:
(7) Ap = Apex + Apwat A p t can be calculated in several ways, which will be discussed in the Results and Discussion Section. The Ap can be used to calculate the solubility ( S ) expressed as the concentration ratio of water in decane (~(~1 ) ) and in liquid water (~( 1 ) ) Orientation of Water. The orientation order of water molecules is defined as the cosine of the angle (01) between the unit vector ( p ) in the direction of the dipole and the unit vector normal to the interface (nz):
Order Parameter. For the orientational preference of the decane molecules near the interface we calculated the order parameter S
where Bi is the angle between the ith molecular axis and the interface normal (z axis) and where the bar implies averaging over time and molecules. The molecular axis is defined as the vector from CW1 to Cn+l. Order parameters can vary between 1 (full order along the interface normal) and -l/2 (full order perpendicular to the normal), with a value of zero in the case of isotropic orientation.
Results and Discussion
Density Profiles. By calculating the density in 50 slabs parallel to thexy plane, weobtaineddensity profiles. Thesedensity profiles for the decane/water system were obtained by averaging the time frames over the last 25 ps of the simulation period of all the L.,') ; the actual box length is shown in Figure 6 .
models A to D. Figure 3 shows the density profiles for models A to D with constant volume. From the plots in Figure 3 it is obvious that if the van der Waals parameters were decreased, a sharper interface was formed. Thevalues used in model A clearly resulted in a very wide interface, if not a mixed situation. We also observed a number of alkane molecules completely surrounded by water molecules as did Carpenter and Hehre, but only in model A. At the start of the A simulation there were two sharp interfaces, but the force field used clearly did not result in a molecularly sharp interface. Model B already showed a welldefined interface, but it was still too broad. The interface became sharper as the van der Waals parameters became even smaller (models C and D). We observed the same trend as Carpenter and Hehre did, in that the density of the alkane dropped much more slowly to zero than the water density. So movement of the decane molecules is likely to be more responsible for the sharper interface. Water molecules completely isolated in the decane phase were not observed. The van der Waals parameters used in model C are closest to the values used by Carpenter and Hehre, OPLS16and CHARMmZ3 (also listed in Table 11 ). However, we did not observe an interface of 1.0 nm width like Carpenter and Hehre: the interfaces obtained in our B, C, and D simulations were about 0.4-0.5 nm wide.
The density profile of model E is not presented in Figure 3 , because this profile is almost identical compared to the profile of model C, indicating that the use of a larger U(CH&~) (n = 2 or 3) does not have a large effect on the sharpness of the interface. According to the combination rule uij = (ui+uj)/2, the u's listed for model E in Table I1 are correct, whereas for models A to D only the 6 between C atoms and 0 atoms were changed.
Since the models B to D appeared to have large bulk pressures (see Pressures subsection), we also performed simulations at constant pressures. The density profiles for the models A, to D, with constant pressure scaling only in the z direction are given in Figure 4 . By adjusting the box length in the z direction, the densities of water and especially decane could relax. This also had some influence on the interface. The interface of model A, is still mixed, but the interface of model B, has become sharper with respect to model B, and the density of decane is more homogeneous. The plot for model C, also shows a somewhat sharper interface. For model D, an unusual interface is obtained with a "gap" between the water and decane phase, which was still increasing at the end of the simulation. In this case the virial of the total system was larger than the kinetic energy of the total system, and the box wanted to increase its volume. So the virial is too small to overcome the kinetic part of the pressure (see eq 3). This is not a real physical phenomenon but merely an artifact of the simulation. Interaction Energy. In Figure 5 the interaction energies between decane and water are given to illustrate the effect of the change in intermolecular potentials on this energy. There is a clear trend of a decreasing interaction energy with respect to a decreasing intermolecular potential. Also, it can be seen that models A and A, were not fully equilibrated, because the interaction energy did not converge, while the other models were equilibrated.
Pressures. Table I11 gives an overview of the pressure values for all the different models used. As thevan der Waals parameters decreased, the pressures in all three directions increased in models A to D. Because of the large increase of the pressures, we performed the additional simulations A, to D, with pressure scaling in the z direction of 1 .O atm. The values in Table I11 for models A, to D, indicate a relaxation of all the pressures, and because of this relaxation the interface became sharper (see Figure  4b-d) . For the models B, and C, this could be due to the fact that the partial volume of a decane molecule in water is smaller than the partial volume of a decane molecule in decane. Higher pressures in a constant volume would "force" the decane molecules into the water layer, resulting in a broader interface. By allowing the volume of the box to change, the pressures relax to a smaller value, and the decane molecules will return to their hydrophobic surrounding (and therefore increasing the volume of the box). The change in the volume of the box is illustrated in Figure 6 , where the box lengthin thez direction is plotted against simulation time. This figure clearly shows a small decrease in box length (L,) for model A, (due to a negative P,) and an increase of L, for models B, to D, . The increase of L, also implies that the total volume of the box increased, and therefore the density decreased. However, only the density of decane decreased; the density of the water phase remained (almost) constant. In the case of model D, a very large increase in the first 50 ps of L, occurred to compensate for the high pressures as listed in Table 111 . After approximately 50 ps, the increase rate is constant since the system is separated beyond the cutoff radii.
The pressures for model E are also listed in Table 111 , and the same trend can be seen as for the densities: the pressures in all three directions are similar for models C and E. Again, a larger u between the C atoms of decane and the 0 atoms of water (but the same E) does not give rise to a significant difference in properties. Surface Temion. The experimental value for the surface tension between water and decane at 315 K is 48.2 f 0.1 mNlm.28 One should compare this value with the results obtained with the constant-pressure simulations. Without pressure scaling, the obtained surface tensions appeared to be higher due to higher lateral pressures. As can be clearly seen from Table 111 , the surface tension drops significantly in all simulations upon pressure scaling. Model A, showed an average surface tension of 37 f 4 mN/m, which was too small due to an interface that was too broad. If the surface tension becomes larger, the surface of the interface wants to decrease, and the two liquids prefer a more separated or demixed situation. This is the trend we observed in our simulations, and we can conclude that model D, had an interface that is too sharp according to its surface tension, whereas models B, and C, showed an interface that was more in accordance with the experimental surface tension. It is obvious that lower values of EM are correlated with an increase in surface tension.
In Figure 7 we plotted the lateral pressures for model C and model C, to show the large decrease in the lateral pressures near the interface, which account for the actual surface tension. It is obvious from this figure (together with Figures 3c and 4c ) that the position of the interface does not change when using pressure scaling, meaning that the water phase did not move or expand. The shift of the normal pressure toward P = 0.1 MN/m2 (the pressure of the pressure bath we coupled to) is evident as well in Figure 7b . Water Ordering. In the bulk water the possibility to make hydrogen bonds with surrounding water molecules is very high, and the water molecules do not need to be oriented in a special manner to take optimal advantage of the possibilities to make hydrogen bonds. At the interfacial area this is not the case: the number of neighboring water molecules available for hydrogen bonds is smaller, and the water molecules orient themselves to create more possibilities for hydrogen bonding. The same behavior has been reported for the aqueous liquid/vapor interface: the benzene/water interface? and the hexane/water interface.12The ordering of the water molecules will be higher as the interface becomes sharper as was found in the simulations of water near a planar hydrophobic surface.29 In fact, we observed a higher ordering of the water molecules near the interface as the van der Waals parameters were decreased (and the interface became sharper) as shown in Figure 8 . Model D has the highest order and the sharpest interface. The ordering is not of a very longrange character: the water molecules were more ordered only just near the interface. It is interesting to see that the ordering is actually reversed: within the interface the dipole orientation is positive, which means that the H atoms are pointing toward the decane phase. Next to the interface the opposite orientation is observed over approximately two water layers.
Decane Ordering. In Figure 9 the order parameter of decane segments is plotted against the box length in thez direction relative to the interface at 1.6 nm. In the bulk the decane molecules are isotropically oriented (S = 0) in all simulations. As is to be expected, they are somewhat more laterally oriented (toward S = -1/2) near the interfaces, to ensure that the total surface of decane in close contact with water is as small as possible, although a fully lateral orientation was not observed. Thedecanemolecules in model A did not show a more lateral orientation near the interface due to the broadness of the interface. Like the results for the ordering of water in Figure 8 , there was almost no difference in lateral orientation for the decane molecules for models B to _d I__--------.   c -. -_ -, -_ . _ . _ -_ . ----_ . ------------ E. Also clear from Figure 9 is that the decane molecules become more isotropically oriented in direct contact with the water molecules.
Free Energy. of water in decane for the different models was obvious: the solubility decreased as the repulsion between the liquids increased. We also calculated the solubility for water in decane for three models with constant pressure, models A, to Cf to see whether the solubility would change with respect to their constant-volume counterpart. The solubility was comparable to their "parent" model: the solubility somewhat increased when performing pressure scaling, probably due to a small decrease in density of the decane phase. The values for S did not change drastically. Figure 10 shows the free energy versus the number of configurations used for the particle insertion. This figure clearly shows that the free energy converged to a constant value for all the models, so we performed a sufficient number of particle insertions.
The Journal of Physical Chemistry, Vol. 97, No. 36, 1993 The solubilities, for both model C and model E, were close to the experimental value of S = 0.99 X 10-4. When comparing this with the solubilities obtained in the constant-pressure simulations, model C, has a somewhat higher solubility than model C. If we expect the same trend for a constant-pressure simulation of model E, the result will be very close to experimental for model Ep. So we conclude that the van der Waals parameters used in model E are accurate to simulate the interface between decane (or any other alkane) and water.
SPC/E vs SPC Water. We corrected the Apwatfor SPC/E for polarization; otherwise this Apwat would be 27.6 kJ/mol (Le., 6.4 + 0.2 kcal/mol for a cutoff of 1 .O nm") instead of 22.6 kJ/mol. Compared to the Apwat = 24.3 kJ/moP of SPC, the uncorrected value is too high, resulting in a solubility for SPC/E in decane which is too low when comparing to SPC. When the correction on Apwat for SPC/E is performed after the simulation, excellent solubility results are obtained. The problem is, however, that this correction on Apwatcannot be made for the dynamical behavior at the interface during the MD run. A result from this is that the solubility of SPC/E in decane is expected to be too small in a dynamical equilibrium. SPC water needs no correction for the polarization. Besides, the chemical potential of SPC is very close to the experimental val~e.3~ Therefore, SPC is more suitable to be used for simulations at interfaces, since it will produce more realistic equilibrium distributions. We performed an extra simulation (200 ps) using the interaction potentials of model E and SPC water to investigate the dynamical behavior of SPC water at the interface with decane. The density profiles of SPC/E water and SPC water are presented in Figure 11 : we observed no significant differences between the water profiles, even though van Buuren et al.
SPC has a higher solubility in decane compared to uncorrected SPC/E. The predicted solubilities with SPC as a reference become somewhat lower, however (Table IV) . With SPC water the best model turnsout to be model B. For model C, the predicted solubility becomes 0.66 X 10-4, which is still reasonable compared to the experimental value. We conclude that there is little difference between SPC and SPC/E but that SPC is to be preferred in dynamic simulations of interfaces.
Conclusion
The results reported in this paper show that the van der Waals parameters are of great importance when simulating the interface between two immiscible liquids. If the repulsion is not strong enough, the result is mixing of the two liquids at the interface, whereas too strong a repulsion leads to a situation where the surface tension is too large. The intermolecular potentials (as used in standard force fields like GROMOS and OPLS) for water and alkanes reproduce the properties of the bulk liquids correctly, but to describe the macroscopic properties of the interface between water and alkanes properly, the choice of a good combination of these intramolecular potentials is very important.
The sharpness of the interface changes enormously when the intermolecular van der Waals parameter e is decreased. This also has a huge effect on the pressures in all spatial directions: the pressures increase rapidly when e is decreased. The experimental value for the surface tension can be reproduced quite well for the decane/water system by only changing e. The same holds for the solubility of water in decane.
At the interface, the structure of both water and decane is different from the bulk. Water has an orientational preference, because the number of hydrogen bonds per molecule is maximized. Decane has a more lateral orientation with respect to the interface. Both types of orientation do not change significantly when e is decreased.
The combination of the Lennard-Jones parameters e and u to yield the exact values for the macroscopic properties between water and decane needs some further investigation. The Lennard-Jones parameters for water are well described in the literature, but the parameters for alkanes are probably not accurate enough. The use of special "hydrophobic" parameters for water oxygens in interaction with hydrophobic atoms, such as used in standard GROMOS,I7 cannot be recommended. To be able to describe the properties at the interface between water and any alkane accurately, better parametrization on alkanes is needed. It will also be needed to incorporate polarizability in the force field.
Without using explicit atomic polarizabilities, it is not possible to devise force field parameters that accurately predict both thermodynamic and dynamic properties. The best dynamics in the aqueous phase are obtained with the SPC/E model, but the best equilibrium distributions at the interface are obtained with the SPC model. With SPC/E the best interaction model is E ( C M H~ = 0.637 kJ/mol, C M H~ = 0.529 kJ/mol and u0-c = 0.344 nm), with SPC the best interaction model is B (CMH, = 0.849 kJ/mol and, C M H 2 = 0.706 kJ/mol). The properties tested in this work are not very sensitive to the value of UM. We recommend the use of u0-c = 0.344 nm, also with the e w ' s of model B, because this value follows from standard combination rules.
Finally, we note the effect of the use of different interaction models on systems other than alkane/water. We tested different models on the stability of a small a-helical peptide in water. In a previous simulation, using the "hydrophobic" parameters of GROMOS, this helix started to unfold after about 100 P S . )~ When using the "hydrophilic" GROMOS parameters in a I-ns simulation, this unfolding started after approximately 800 ps. So there is a huge effect on the stability of the peptide when using the hydrophobic or hydrophilic interaction parameters of GRO-MOS.
